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Expression of the Drosophila Enhancer of split [E(spl)] genes, and their homologues in other species, is dependent on Notch
activation. The seven E(spl) genes are clustered in a single complex and their functions overlap significantly; however, the
individual genes have distinct patterns of expression. To investigate how this regulation is acheived and to find out whether
there is shared or cross regulation between E(spl) genes, we have analysed the enhancer activity of sequences from the
adjacent E(spl)mb, E(spl)mg and E(spl)md genes and made comparisons to E(spl)m8. We find that although regulatory
lements can be shared, most aspects of the expression of each individual gene are recapitulated by small (400–500 bp)
volutionarily conserved enhancers. Activated Notch or a Suppressor of Hairless-VP16 fusion are only sufficient to elicit
ranscription from the E(spl) enhancers in a subset of locations, indicating a requirement for other factors. In tissue culture
ells, proneural proteins synergise with Suppressor of Hairless and Notch to promote expression from E(spl)mg and
(spl)m8, but this synergy is only observed in vivo with E(spl)m8. We conclude that additional factors besides the proneural
proteins limit the response of E(spl)mg in vivo. In contrast to the other genes, E(spl)mb exhibits little response to proneural
roteins and its high level of activity in the wing imaginal disc suggests that wing-specific factors cooperate with Notch to
ctivate the E(spl)mb enhancer. These results demonstrate that Notch activity must be integrated with other transcriptional
regulators and, since the activation of target genes is critical in determining the developmental consequences of Notch
activity, provide a framework for understanding Notch function in different developmental contexts. © 2000 Academic Press
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NINTRODUCTION
Cell–cell signalling mediated by Notch is required at
many different stages in development, ranging from the
selection of neural precursors to the organisation of append-
age development (Bray, 1998; Greenwald, 1998; Artavanis-
Tsakonas et al., 1999). Current evidence indicates that
activation of Notch by its ligands results in proteolytic
cleavage, releasing an intracellular fragment (Nicd) that is
ble to enter the nucleus (e.g., Lecourtois and Schweisguth,
998; Schroeter et al., 1998; Struhl and Adachi, 1998). This
leaved form collaborates with a DNA binding protein,
alled CBF1/RBPJk in mammals and encoded by the Sup-
ressor of Hairless [Su(H)] gene in Drosophila, to activate
1 These authors contributed equally to this work.
2 To whom correspondence and reprint requests should be ad-
ressed. Fax: 44-1223-333786. E-mail: sjb32@mole.bio.cam.ac.uk.390transcription of target genes (see Greenwald, 1998; Artava-
nis-Tsakonas et al., 1999). Experiments in mammalian cells
ndicate that Nicd may have a dual role in activating gene
xpression as it can displace a histone deacetylase complex
rom CBF1 as well as recruiting appropriate coactivators to
he promoter (Kao et al., 1998). Specific genes activated by
icd and CBF1/Su(H) play critical roles in mediating the
effects of Notch activation.
The best characterised targets of Notch signalling are the
genes of the Enhancer of split [E(spl)] family; their expres-
sion is dependent on Notch activation (e.g., Jennings et al.,
1994; Jarriault et al., 1995; Wettstein et al., 1997) and all the
E(spl) genes analysed so far contain binding sites for Su(H)
(Bailey and Posakony, 1995; Lecourtois and Schweisguth,
1995; Eastman et al., 1997). The Drosophila E(spl) genes are
clustered in a 60-kb complex and genetic analysis suggests
that the seven related basic helix-loop-helix (bHLH) genes
(m8, m7, m5, m3, mb, mg, md) perform overlapping func-0012-1606/00 $35.00
Copyright © 2000 by Academic Press
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391Regulation of Three Notch Target Genestions (Delidakis et al., 1991; Delidakis and Artavanis Tsa-
konas, 1992; Knust et al., 1992; Schrons et al., 1992). Thus,
in spite of extensive genetic screens, no lethal mutations
have been isolated in any of the E(spl)bHLH genes, and
synthetic deletions removing one or two of these genes are
viable and have subtle or no phenotypes (Delidakis et al.,
1991; Schrons et al., 1992; Cooper and Bray, 1999). In spite
of this apparent redundancy, the individual E(spl)bHLH
genes have distinct patterns of expression (de Celis et al.,
1996; Wech et al., 1999; see Fig. 1), all of which are
ependent on Notch activity. These genes therefore have
cquired the ability to respond to Notch in different con-
exts and represent a good model for understanding how
ther factors cooperate with Notch to modulate the re-
ponse of target genes.
Although the mRNAs encoded by the E(spl)bHLH genes
ontain specific conserved sequences at their 39 ends that
render them highly unstable (Lai et al., 1998), it seems
likely that transcriptional regulation, rather than differen-
tial mRNA stability, is the major factor in coordinating the
individual patterns of expression (Kramatschek and
Campos-Ortega, 1994; Singson et al., 1994; Bailey and
Posakony, 1995; Lecourtois and Schweisguth, 1995). The
best studied, E(spl)m7 and E(spl)m8, are transcribed at all
locations where sensory organs develop and may be regu-
lated by proneural proteins (e.g., Achaete, Scute, Lethal of
scute) in addition to Notch (Kramatschek and Campos-
Ortega, 1994; Singson et al., 1994). In contrast, E(spl)md and
(spl)mg mRNAs are detected at a subset of the locations
where proneural proteins are present and E(spl)mb mRNA
is detected in a broad pattern that has no direct relationship
with the sensory organ clusters (de Celis et al., 1996). This
suggests that even though proneural proteins could be
involved in regulating E(spl)m8 and E(spl)m7, there must
be additional factors required for the other E(spl) genes.
Futhermore, for those genes where proneural proteins are
implicated, it is not clear yet how their activity is inte-
grated with Nicd/Su(H).
For many developmentally regulated genes, complex ex-
pression patterns are brought about by modular enhancers.
For example, scute (Gomez-Skarmeta et al., 1995), blistered
Halder et al., 1998), and vestigial (Kim et al., 1996) are
oordinated by several enhancers, each giving rise to a
eparate domain within the overall pattern. The expression
atterns of E(spl) genes in the wing are reminiscent of scute
e.g., E(spl)m8; Cubas et al., 1991; Skeath and Carroll, 1991]
nd of blistered [e.g., E(spl)mb; Montagne et al., 1996], yet
the close proximity of genes within the E(spl) complex
makes it unlikely that each distinct pattern derives from a
similar array of modular enhancers (Delidakis and Artava-
nis-Tsakonas, 1992; Knust et al., 1992; Wurmbach et al.,
1999). It seems more likely therefore that the E(spl) genes
have local enhancers that are themselves regulated by
proteins with complex expression patterns or that there are
more global domain-specific enhancers scattered through
the complex. As there are common features in the expres-
sion patterns of adjacent E(spl) genes (de Celis et al., 1996),Copyright © 2000 by Academic Press. All rightthere could indeed be shared regulatory elements that
influence expression of neighbouring genes. This would be
consistent with the highly conserved organisation of the
E(spl) complex between Drosophila melanogaster and D.
hydei (Maier et al., 1993), because shared enhancers may
provide a constraint that helps maintain the organisation of
gene complexes (e.g., Gould et al., 1997).
In order to determine the basis for the differential expres-
ion of the E(spl) genes, we have analysed the sequences
urrounding three adjacent genes, E(spl)mb, E(spl)mg, and
E(spl)md, for enhancer activity in vivo. We identified frag-
ents flanking each of the genes that mediate gene-specific
xpression patterns and tested their response to Nicd/Su(H)
and other activators using a combination of tissue culture
and in vivo assays. Based on these results, it is evident that
;400- to 500-bp regions located close to the transcription
start site are sufficient to confer most aspects of the
gene-specific expression patterns in the imaginal discs,
indicating that these short fragments are capable of inte-
grating Notch signalling with other regulatory inputs. Al-
though ectopic Nicd and an activated form of Su(H), [Su-
H)VP16], are able to activate expression from individual
enhancers, they are unable to overcome enhancer-specific
spatial restrictions. This demonstrates that Su(H)/Nicd acts
n the context of other factors that determine the capacity
f individual enhancers to respond.
MATERIALS AND METHODS
Drosophila Strains
We used the loss-of-function alleles Su(H)1 and Su(H)AR9
(Schweisguth and Posakony, 1992), the deficiency Df(3R)NF1p1
[removing NF1, E(spl)md, and E(spl)mg], and the K33 enhancer trap
inserted 60 bp upstream of the transcription start site of E(spl)mg,
he et al., 1997; M.F., S. Onel, M.T.D.C., and S.J.B., unpublished
ata]. The Gal4 lines used were dpp-Gal4 (Staehling-Hampton et
l., 1994), ptc-Gal4 (Speicher et al., 1994), sal-Gal4 (Thomas et al.,
995), and sev-Gal4 (Brand and Perrimon, 1993). UAS lines used
ere UAS-Nicd (gift of M. Haenlin), UAS-sc, UAS-l’sc (Hinz et al.,
1994), UAS-E(spl)mb (de Celis et al., 1996), UAS-E(spl)m7VP16
(Jimenez and Ish-Horowicz, 1997), and UAS-lacZ (Brand and Perri-
mon, 1993). We also used the fusion gene E(spl)m8-lacZ (Kra-
atschek and Campos-Ortega, 1994). To induce hsNicd (Struhl et
l., 1993), larvae were placed at 37°C for 1 h, 25°C for 1 h, 37°C for
h, and 25°C for 1 h before being dissected. Mitotic gro2 clones
ere induced in y w hsFLP/1; FRT82B gro[E48]/FRT82B N-myc flies
y 2 3 1 h heat shocks (38°C) at 24–48 h AEL.
Sequencing of Genomic DNA
Genomic DNA fragments from D. melanogaster cosmid 3006
and plasmid H2.1-KS (Delidakis and Artavanis-Tsakonas, 1992) and
from D. hydei phages md4l and mb6l (Maier et al., 1993) were
subcloned into pBluescript (IIKS) (Stratagene) and then sequenced
using an ABI sequencer (Department of Biochemistry, University of
Cambridge). DNA comparisons were carried out using Wisconsin
Package Version 9.0, Genetics Computer Group (GCG), Madison,
Wisconsin.s of reproduction in any form reserved.
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392 Cooper et al.Generation of E(spl) Reporter Genes and
UAS-Su(H)VP16
Further details are available on request.
E(spl)md-lacZ constructs. The 1.9-kb HindIII genomic frag-
ment upstream of E(spl)md (Delidakis and Artavanis-Tsakonas,
1992) was subcloned in pBluescript (IIKS) to give md1.9-KS, and
then fragments were excised for subcloning into HZ50PL (Hiromi
et al., 1985). The fragments [numbered according to the start site
defined by Eastman et al. (1997) and Nellesen et al. (1999) suggest
hat the start site is approx. 400 bp distal to this] were as follows:
d1.9-lacZ, 1.9-kb HindIII (21951 to 250) fragment; md1.1-lacZ,
1.1-kb HpaI–KpnI fragment (21151 to 250); md0.5-lacZ, described
in Cooper and Bray (1999); md0.8-lacZ, 0.8-kb XbaI–HpaI (21951
to 21151) fragment; md0.3a-lacZ, 487-bp fragment (21199 to
713) amplified from md1.9-KS using the primers GATCTAGAT-
CCATCAGATGTCAGC and CTACTAGTCTTTTGGCGCA-
AGTCAC. D.h.md-lacZ, 0.5-kb fragment upstream of D. hydei
E(spl)md equivalent to md0.5 amplified from md4l using the
primers CGTCTAGAGAATCAGTGCCTCATCG and GCAC-
TAGTAGATCGAGACCCAGACC.
E(spl)mg-lacZ constructs. Genomic fragments upstream of E(s-
l)mg were excised from H2.1-KS and subcloned into HZ50PL as
follows: mg1.1-lacZ, 1.1-kb HindIII–KpnI fragment (21206 to
2152); mg0.6-lacZh, 0.6-kb Eco47III–KpnI fragment (2794 to
2152); mg0.5-lacZ, 0.5-kb HindIII–Eco47III fragment (21206 to
2794). lacZ-mg1.1-CD2: the 1.1-kb HindIII–KpnI fragment was
ubcloned downstream of the coding region of lacZ (from HZ50PL)
nd upstream of the coding region of CD2 (from CD2/PMTL22;
unin-Borkowski and Brown, 1995) and inserted into pWhiteRab-
it (gift of Nick Brown).
E(spl)mb-lacZ constructs. mb1.5-lacZ, the 1.5-kb Psp1406I
fragment (21458 to 173) from cosmid 3006 was inserted into the
ClaI site of pIC20H, excised using flanking XbaI sites, and ligated
into the XbaI site of pHZ50PL. Fragments for other E(spl)mb-lacZ
constructs were amplified by PCR using primers containing XbaI
and SpeI sites and then inserted into the XbaI site of HZ50PL.
Primers used were mb0.8-lacZ, GCTCTAGACCCAACCGA-
CAATCAAG; GGGGTACCGGCAGTGAGTGCGAGCG (2826
to 249); mb0.4-lacZ, GCTCTAGAAGCCCAAAAGACCGGAC;
ACTAGTGCCTGTATATGTGAGGGC (574 to 2183); mb0.18-
lacZ, GCTCTAGAAGACCCCAAGCATGCAC; GACTAGTGC-
CTGTATATGTGAGGGC (2369 to 2183).
D.h.mb2-lacZ. A 2.4-kb EcoRI–HindIII fragment from D.hydei
mb6l was subcloned into pBluescript(II), and then the 2-kb frag-
ment was amplified using the 39 primer for mb0.8 and the T7
rimer for the 59 end.
UAS-Su(H)VP16. The coding region of Su(H) (amino acids 18 to
594; Schweisguth and Posakony, 1992) was amplified using the
primers GCGGATCCGCCTACGAAACTACGCTTG; GCA-
GATCTAGGATAAGCCGCTACCATG, digested with BamHI
and BglII, and ligated into the BamHI site of pHK3NVP16 (gift of T.
Kouzarides) to produce a construct where Su(H) was fused in frame
downstream of the herpes simplex virus VP16 transcriptional
activation domain (amino acids 415 to 490). The Su(H)VP16 fusion
as excised with BglII and XbaI and ligated into pUAST (Brand and
errimon, 1993).
Generating transgenic lines. E(spl)-lacZ constructs were in-
ected into cn;ry flies and the lacZ-mg1.1-CD2 and UAS-Su(H)VP16
constructs into w1118 flies using standard procedures to generate ry1
and w1 transformants, respectively (Rubin and Spradling, 1983). AtCopyright © 2000 by Academic Press. All rightleast four independent lines in which expression of the transgene
was similar were generated for each construct.
b-Galactosidase Detection and
Immunofluorescence
Histochemical detection of b-Galactosidase activity was based
n procedures described previously (Simon et al., 1985). Immuno-
uorescence was as described in Jennings et al. (1995) except in
xperiments with anti-Achaete, where conditions were modified
or this antibody (Skeath and Carroll, 1991). Primary antibodies
ere rabbit anti-b-Galactosidase (Capell) 1/500, rabbit anti-myc
Santa Cruz Biochemicals) 1/1000, rat anti-Su(H) (Gho et al., 1996)
1/1000, rat anti-Elav (Developmental Studies Hybridoma Bank,
University of Iowa) 1/50, mouse monoclonals anti-CD2 (Serotech)
1/20, anti-Achaete (Skeath and Carroll, 1991) 1/20, and anti-E(spl)
(mAb323), (Jennings et al., 1994) 1/2. Secondary antibodies were
rom Jackson Immunological and were used at 1/100–1/300.
Transfections and Luciferase Assays
The plasmids used were m8luc and mgluc (Apidianakis et al.,
999); pAc-da (expressing Daughterless, Heitzler et al., 1996);
pAc-T4 (expressing Scute, Van Doren et al., 1992); hs-lacZ (gift of
Peter and Lucy Cherbas); pUAS-RICN, hs-Su(H)4, and pmtGAL4
(Eastman et al., 1997).
S2 cells were seeded in 24-well plates at 0.5 ml per well and 5 3
105 cells/ml. Twenty-four hours later they were transfected with 1
mg total DNA as a calcium phosphate precipitate. The DNA
contained 450 ng reporter plasmid, 80 ng hs-lacZ for normalization,
90 ng pmtGAL4 (where needed), expression plasmids [pAc-da,
pAc-T4, pUAS-RICN, hs-Su(H)4] in varying amounts, and empty
vectors or inactive constructs (pAc, pUAST, or pCaSpeR-hs) as
necessary to yield the final concentration. Sixteen hours after
transfection pmtGAL4 was induced using 0.55 mM CuSO4. Cells
were harvested 48 h later and processed using the Luciferase Assay
Kit (Promega) and activity was measured by a Turner luminometer.
b-Galactosidase activity (assayed as described in Eastman et al.,
1997) was used to correct Luciferase levels for variable transfection
efficiency. Each value is the average of at least four transfections.
RESULTS
Distinct Patterns of E(spl)md, E(spl)mg, E(spl)mb
Expression Conferred by Small 5* Enhancers
Key sites of imaginal disc expression from four E(spl)
genes are summarised in Fig. 1B; E(spl)m8 is transcribed in
ll sensory organ clusters, E(spl)md and E(spl)mg in a subset
of sensory clusters but strongly in the developing eye, and
E(spl)mb in the intervein regions of the wing primor-
ium, at the dorsal/ventral boundaries of the wing and
ye, and in the presumptive leg joints. To identify the
egions responsible for conferring the specific expression
atterns, 1- 2-kb fragments from the region encompassing
(spl)md, E(spl)mg, E(spl)mb were fused to a minimal
promoter upstream of the lacZ gene to test for enhancer
activity (Fig. 1C). For each of the three genes, the frag-
ment adjacent to the promoter (md1.9, mg1.1, and mb1.5)
onferred a pattern of expression that largely recapitu-s of reproduction in any form reserved.
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393Regulation of Three Notch Target Genes
Copyright © 2000 by Academic Press. All rightlates the endogenous genes (Figs. 1D–1L), although there
are some notable exceptions. Firstly, neither md1.9 nor
mg1.1 generates the strong expression associated with
he morphogenetic furrow that is observed with both
enes (Figs. 1E and 1H). Secondly, the md1.9 fragment
fails to confer the tegula expression normally associated
with E(spl)md (Fig. 1D).
Given the close proximity of the genes in the complex, it
s possible that adjacent genes could share regulatory ele-
ents. As mg1.1 confers strong expression in the tegula
omain, it might account for the tegula expression of
(spl)md as well as E(spl)mg. To test whether there is an
insulator within mg1.1 that would prevent it acting on the
djacent E(spl)md transcription unit, mg1.1 was inserted
between the lacZ and CD2 coding sequences (Fig. 2A). Both
roteins have similar patterns of expression, indicating that
g1.1 is able to regulate an upstream transcription unit
Figs. 2B–2D) and so could mediate the tegula expression of
he upstream E(spl)md. Further indirect support for the
hypothesis that enhancers can act on neighbouring genes
comes from analysis of a P-element (K33) inserted at the
E(spl)mg locus (Figs. 2E, 2F, and 2H; The et al., 1997). When
he sequences proximal to the P-element are deleted, as
ccurs in Df(3R)NF1P1, the inserted lacZ gene is now
expressed in a pattern weakly resembling the distal E(s-
pl)mb gene (Figs. 2G and 2I), even though none of the
ntervening sequences have been altered. These results
ndicate that the E(spl)mb enhancer has the potential to act
n the E(spl)mg region, but in the wild-type chromosome it
must be prevented by the sequences adjacent to the E(s-
pl)mg promoter.
One way that differential patterns of E(spl) expression
ould have evolved is through the acquisition of repressor
lements that restrict the places where the enhancers
espond. To investigate this possibility and to further de-
imit the critical regulatory sequences, a series of smaller
ragments were tested for activity. For all three genes, a
ragment of ;500 bp was sufficient to confer many aspects
f normal expression patterns, and in no case was ectopic
xpression associated with the truncated fragments (Fig. 3).
he active fragments correspond to the regions of 59 flank-
ng sequences that contain Su(H) binding sites (Figs. 3A–3C,
astman, et al., 1997; Nellesen et al., 1999) and are most
blue, developing joints; orange, proneural field of chordotonal
organ. Note that positions are approximate. (C) The genomic region
encompassing three E(spl) genes is indicated. Red arrows represent
transcribed regions, green circles Su(H) binding sites (Eastman et
al., 1997), and data not shown), blue lines correspond to fragments
tested for enhancer activity as shown below; (D–F) md1.9, (G–I)
mg1.1, and (J–L) mb1.5. Activity of the lacZ transgenes was
detected by enzymatic assays for b-Galactosidase in wing (D, G, J),
eye-antennal (E, H, K), and leg (F, I, L) imaginal discs from late third
instar larvae. In this and other experiments, unless noted, md and
mg assays were 12–16 h, and mb assays 30 min–2 h.FIG. 1. Sequences adjacent to E(spl)md, E(spl)mg, and E(spl)mb
confer distinct expression patterns relevant to each gene. (A)
Organisation of E(spl)bHLH genes (red arrows) and other genes
ncoded by the complex (grey arrows, solid shading are Notch
esponsive (Delidakis and Artavanis-Tsakonas, 1992; Schrons et al.,
992; Wurmbach et al., 1999)). Black line represents genomic DNA,
roximal to the left. (B) Representative expression (dark blue) of the
RNAs indicated, in comparison to imaginal disc fate maps. Wing:
ight blue, d/v boundary; green, wing pouch; dark green, longitudi-
al veins; orange, proneural territories (v, ventral radius; d, dorsal
adius; and t, tegula). Eye: light blue, d/v boundary; purple, devel-
ping ommatidia; dark purple, morphogenetic furrow. Leg: lights of reproduction in any form reserved.
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394 Cooper et al.highly conserved in D. hydei [Fig. 3; note that D. hydei
(spl)md and E(spl)mb fragments function in D. melano-
gaster]. Thus, the complex responses to Notch can be
integrated within these short conserved elements.
Nicd Is Not Sufficient for E(spl) Enhancer Activity
Several lines of evidence indicate that Su(H) in conjunc-
tion with Nicd is required for activation of the E(spl) genes
(e.g., Bailey and Posakony, 1995; Lecourtois and Schweis-
guth, 1995; Eastman et al., 1997), although we detect
expression in some regions not so far associated with Notch
activity (e.g., E(spl)mb in the notal regions). Consistent
with the pivotal role of Su(H)/Nicd, all three enhancers,
including mb1.5, have greatly reduced activity in Su(H)
mutant larvae in comparison to wild-type larvae (Figs.
4A–4C), although residual b-Galactosidase activity is
present in the central nervous system and in some of the
older imaginal discs (data not shown).
FIG. 2. Enhancers can drive adjacent genes in the complex. The
osition of the mg1.1 fragment relative to the CD2 (green) and lacZ
(red) coding sequences is diagrammed (A), and the expression
conferred on each is revealed (B–D) by anti-CD2 (green) and
anti-b-galactosidase (red) antibodies. The merged image (D) reveals
the overlap in expression (yellow). White arrows mark the tegula
cluster and leg chrodotonal organ. (E) The location and orientation
of the K33 P-element is diagrammed with respect to E(spl)md and
(spl)mg(red arrows) and the region deleted in Df(3R)NF1P1 (dashed
ine). Expression of the inserted lacZ gene in wing (F, G) and leg (H,
) discs from K33 (F, H) and Df(3R)NF1P1 (G, I) larvae; the lacZ
expression pattern changes to resemble E(spl)mb (see Figs.1J and
1L) in imaginal discs from Df(3R)NF1P1.Copyright © 2000 by Academic Press. All rightGiven that the E(spl) enhancers require Su(H) for full
ctivity, one way that their disparate pattern of expression
ould be generated is through different affinities for Su(H)/
icd, for example, if E(spl)mb is activated by low levels of
u(H)/Nicd and E(spl)md by high levels. If this is so, ectopic
igh levels of Notch activity should elicit ectopic expres-
ion from all the enhancers. However, when Nicd is ex-
ressed in the wing pouch using the Gal4/UAS system
Brand and Perrimon, 1993), only mb1.5 is activated to high
evels (Figs. 4D–4F). Similar results are obtained when the
mall fragments (md0.5, mg0.6, and mb0.4) are tested in the
same way (data not shown). A converse responsiveness is
observed in the eye disc where expression of Nicd in photo-
receptors activates md1.9 but has little effect on mb1.5
(Cooper and Bray, 1999, and data not shown), further
demonstrating that high levels of Nicd are not sufficient to
vercome spatial restrictions on the Notch responsiveness
f enhancers.
The weak responses of md1.9 and mg1.1 seen when Nicd
is expressed under the control of dpp-Gal4 (Figs. 4D and 4E)
iffer from the effects elicited when Nicd is supplied tran-
iently using a heat shock inducible promoter (Figs. 4J and
K; Nellesen, et al., 1999, No. 83). The latter leads to a
trong increase in expression from both enhancers but
d1.9 expression is primarily restricted to the normal
laces, whereas mg1.1 activity is detected at all sensory
organ positions. One explanation for this discrepancy is
that, because mg1.1 is normally induced in the progeny of
the sensory organ precursors (Nellesen et al., 1999), these
ells have the necessary competence factors so that the
ransient Nicd results in the premature activation of the
enhancer in the sensory organ precursors. In the dpp-Gal4/
UAS-Nicd combination there is prolonged Nicd expression
which eliminates many of the sensory organ precursors, so
that within the domain of highest Nicd there would be no
cells with the competence to respond.
Synergy Between Proneural Proteins and Su(H)/Nicd
It has been demonstrated that the regulatory regions of
E(spl)m8, E(spl)m7, and E(spl)m4 contain sequences that
re bound by proneural proteins in vitro and are essential
or promoting expression in vivo (Kramatschek and
ampos-Ortega, 1994; Singson et al., 1994). As there are
also proneural protein binding sites in E(spl)md and
E(spl)mg (Nellesen et al., 1999) and both are expressed in
some regions of proneural protein expression, we wanted to
investigate (i) whether the enhancers respond to different
levels of proneural proteins and (ii) whether proneural
proteins cooperate with Notch to elicit their effects. To
address the first question, we assayed responses to ectopic
proneural proteins. Both md1.9 and mg1.1 are activated by
ectopic proneural expression (L’sc, Figs. 4G and 4H; Scute,
data not shown), but only in regions flanking the wing
pouch. mb1.5 shows only a modest increase in activity
(compare Fig. 4I with Fig. 1J), the poor response being
consistent with the absence of consensus proneural proteins of reproduction in any form reserved.
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395Regulation of Three Notch Target GenesFIG. 3. Conserved ;500-bp fragments are sufficient for most aspects of gene-specific expression patterns. Regulatory regions from
E(spl)md (A), E(spl)mg (B), and E(spl)mb (C); black line indicates genomic DNA, red rectangles are sequences conserved between D.
elanogaster and D. hydei, and turquoise arrows are consensus Su(H) binding sites (dotted indicates unconserved, the paired Su(H)
ites are listed in Fig. 5A). Blue lines represent fragments tested for enhancer activity, named as indicated. The levels of
b-galactosidase expression conferred by each are tabulated (relative to the largest fragments 11), and representative imaginal discs
rom transgenic lines are shown for md0.5 (D–F; the expressing cells in D do not correspond to SOPs based on double labelling
experiments with Asense, data not shown), mg0.6 (G–I), mb0.4 (J–L), and mb0.18 (M–O; the dark patch of staining in the thoracic
egion of the disc shown in M is due to tracheal insertion site). D.h.md (P–R) and D.h.mb (S–U) are the patterns conferred by fragments
isolated from D. hydei. EMBL accession numbers for the D. melanogaster sequences are: AJ276311 [E(spl)mb], AJ276314 [E(spl)md],
and AJ276315 [E(spl)mg]. EMBL accession numbers for the D. hydei sequences are: AJ276312 [E(spl)mb] and AJ276313 [E(spl)md and
(spl)mg].Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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396 Cooper et al.binding sites (Nellesen et al., 1999). The effects on these
hree enhancers contrast with those on m8-lacZ (Kra-
matschek and Campos-Ortega, 1994), which is strongly
activated throughout the domain where L’sc is ectopically
expressed (Fig. 4L).
To investigate whether the activation of E(spl) enhancers
involves cooperativity between proneural proteins and
Su(H)/Nicd, we used a quantifiable cell culture assay (Figs.
A and 5B). Activity of the E(spl)mg regulatory region is
timulated 40-fold by a combination of proneural proteins
nd Su(H)/Nicd (Fig. 5B, 10 ng Da/Sc), whereas each alone
only stimulates by 2- and 4-fold, respectively. Similar
results are obtained with the E(spl)m8 enhancer, although
his is more sensitive to activation by proneural proteins
lone than the E(spl)mg enhancer (Figs. 5A and 5B, 5 and 10
g Da/Sc; at higher concentrations the assay saturates and
he excess Da/Sc squelches transcription). These results
emonstrate that proneural proteins and Su(H)/Nicd act
ynergistically on these enhancers. With E(spl)m8 this
ynergy can also be observed in vivo; higher levels of
m8-lacZ expression are induced by the combination of Nicd
and proneural protein (Scute) than by either acting alone
(Figs. 5C–5E). However, the combination of proneural pro-
teins and Nicd is unable to overcome the spatial restrictions
on mg1.1 or md1.9 expression in vivo (e.g., Fig. 5F). With
g1.1 there is a weak ventral patch of ectopic activation
Fig.5F), but no expression is induced in the wing pouch and
he levels are more similar to those elicited with Nicd alone
Fig. 4E).
Su(H)VP16 Does Not Activate mg1.1 in the Wing
Pouch
Although E(spl)mg and E(spl)md fragments respond to
roneural proteins and/or Nicd in certain places, they are
unable to respond to these activators within the wing
FIG. 4. Response of enhancers to Notch/Su(H) and proneural pr
xpression conferred by md1.9 (A), mg1.1 (B), and mb1.5 (C) is g
wild-type); all Su(H) discs were incubated for .12 h in staining solu
xpression most likely corresponds to md1.9 (see A) and is a positi
detected in some cells in the central nervous system of Su(H) larva
, J) mg1.1 (E, H, K), and mb1.5 (F,I) transgenes to ectopic
ptc-Gal4/UAS-l’sc) or hsNicd (J, K). The response of m8-lacZ to pron
expression of the driver lines is revealed in (M, N) using UAS-lacZ.
nterior to the domain of Nicd expression. The nonautonomous eff
cells that move out of the zone of Nicd expression.
IG. 5. Synergy between proneural proteins and Su(H)/Nicd. The
8-luciferase (A) and mg-luciferase (B) reporter genes in Schneider
ransfection reaction (ng). In separate experiments the dose–respon
8-luc and mg-luc plasmids was 10 ng (data not shown), so only su
and Sc (E) lead to higher levels of expression from m8-lacZ in vivo
han C or D), whereas a similar combination (.L’Sc/Nicd) fails to
xpression of Sc, L’Sc, and Nicd was driven by dpp-Gal4 (see Fig. 4M
was used in F because it has the strongest effects in ectopic expres
levels than ptc-GAL4 (Fig. 4H) and so gives less activation of mg1Copyright © 2000 by Academic Press. All rightouch. This restriction could be due to the absence of an
ctivator or to the presence of a repressor. If the former is
he case, a fusion of Su(H) with a strong transactivation
omain (VP16) might overcome this requirement. The
ffects of a Su(H)VP16 fusion protein on mg1.1, md1.9, mb1.5,
nd m8-lacZ were tested using ptc-Gal4 to drive expression
Fig. 6). Of the four transgenes only mb1.5 was activated to
igh levels throughout the domain of Su(H)VP16 expression
Fig. 6C). m8-lacZ was also activated in the wing pouch, but
in a more limited manner (Fig. 6D), and no or little
activation of mg1.1 and md1.9 was seen (Figs. 6A and 6B).
The limited ectopic m8-lacZ expression occurs only in
those regions where proneural proteins have been induced
(Fig. 6E; Su(H)VP16 induces an ectopic wing margin, Wg is
expressed and in turn induces proneural protein expres-
sion), supporting a requirement for proneural proteins to act
in combination with Su(H) on E(spl)m8 . Although Su(H)VP16
cannot activate mg or md enhancers in the wing pouch, it
can activate these enhancers in other tissues. For example,
md0.5 is ectopically activated in photoreceptors by
u(H)VP16 [sev-Gal4/UAS-Su(H)VP16 Figs. 6F and 6G]. The
istinct responses to Su(H)VP16 indicate that even a
strong DNA-bound activator is not able to overcome the
mechanisms that spatially restrict the activities of these
enhancers.
One explanation for the failure of Su(H)VP16 to activate
mg1.1 and md1.9 in the wing pouch is that these enhancers
are inhibited by wing pouch-specific repressors. The POU
domain protein Nubbin is a candidate repressor (Neumann
and Cohen, 1998), but as neither mg1.1 nor md1.9 is
ectopically active in nubbin mutant wing discs (data not
hown), it is unlikely to be the factor responsible. Another
ossibility is that cross-regulation between the E(spl) genes
elps to delimit their domains of expression [e.g., E(spl)Mb
could inhibit E(spl)mg and E(spl)md expression in the wing
pouch]. All three enhancers contain binding sites for E(spl)
s: md1.9 and mg1.1 can only be activated in a limited domain.
y reduced in Su(H)1/Su(H)AR9 larvae (see Figs. 1D, 1G, and 1J for
. In C, both md1.9 and mb1.5 transgenes were present; the residual
ntrol for the staining procedure. Stronger residual expression was
h all fragments tested (data not shown). The response of md1.9 (D,
(D–F; UAS Nicd/dpp-Gal4) or ectopic proneural proteins (G–I;
l proteins (ptc-Gal4/UAS-l’sc) is shown for comparison (L) and the
activation of mb1.5 in response to Nicd is detected both within and
likely due to perdurance of b-Galactosidase in the rapidly diving
ts of combining proneural proteins and Nicd on transcription from
ls; the numbers in each column are the amount of plasmid in each
o Da/Sc was tested and the maximal levels of activation for both
rating leves of Da/Sc were used with mg-luc. Combinations of Nicd
either Sc (C) or Nicd (D) alone (staining in E is denser and broader
e significant expression from mg1.1 in the wing disc (F). Ectopic
e symbol . is used to indicate the ectopic proteins produced. L’Sc
experiments. Note that the dpp-GAl4 driver is expressed at lower
t permits viability of the larvae in combination with Nicd.otein
reatl
tion
ve co
e wit
Nicd
eura
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398 Cooper et al.FIG. 6. Su(H)VP16 is not able to overcome spatial restrictions on enhancer activity. Expression of Su(H)VP16 driven by ptc-Gal4 (A–E,
ptc-Gal4 domain of expression indicated by black arrows, see Fig. 4N) strongly activates mb1.5 (C), but not md1.9 (A) or mg1.1 (B); indeed
mg1.1 may even be repressed. m8-lacZ is activated in a limited domain (D) that coincides with the region where Achaete is induced (E and
0: blue, m8-lacZ; red, anti-Achaete; green, anti-Su(H); the white arrow indicates the region of highest Su(H)VP16 expression). Activation of
b1.5 (C) is detected both within and adjacent to the domain of Su(H)VP16 expression; the latter may be due to perdurance of b-galactosidase
r to secondary induction of mb1.5 (equivalent to that normally seen flanking the d/v boundary, see Fig. 7A). The morphology of many discs
misexpressing Su(H)VP16 was disrupted; e.g., in D the thorax is overgrown and many sensory clusters appear to be missing. (F and G) md0.5
is activated by Su(H)VP16 in the eye disc; in wild-type (F) md0.5 (red) is detected in one photoreceptor per ommatidium, whereas in
ev-Gal4/UAS-Su(H)VP16 (G, G9) md0.5 (red) is detected in $ two photoreceptors per ommatidium. Anti-Elav, blue, marks all photoreceptors;
9 is the red channel only. Eye discs were from late third instar larvae; the lefthand side corresponds to ; row 6 posterior to the furrow.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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399Regulation of Three Notch Target Genesproteins, based on sequence and on in vitro binding assays
(Nellesen et al., 1999; and data not shown), so we examined
heir response to ectopically expressed E(spl) proteins. The
learest effects were seen with mb1.5, which was repressed
y all E(spl) proteins tested (e.g., M7 and Mb, Fig. 7B and
ata not shown) and was strongly activated by MbVP16 and
7VP16 fusion proteins, in which the M7 and Mb carboxy-
erminal WRPW (that binds to the corepressor Groucho)
ere replaced with the activation domain from VP16 (Jime-
ez and Ish-Horowicz, 1997; Jennings et al., 1999; Fig. 7C).
bVP16 and M7VP16 also weakly activate md1.9 and mg1.1
(Fig. 7D and data not shown), suggesting that these enhanc-
ers could also be targets of E(spl) proteins.
Since the widely expressed Mb enhancer is the most
esponsive to repression by E(spl) proteins, it seems un-
ikely that E(spl) cross-regulation is a major factor in
estricting E(spl)mg and E(spl)md expression. Regulation by
(spl) could instead be a feedback mechanism that ensures
he proteins remain at certain levels within the cells where
he genes are activated. In clones of cells that have reduced
roucho corepressor activity (groE48), so that E(spl) function
is perturbed, we found elevated levels of E(spl) within the
mutant cells, but only in regions where the clones over-
lapped normal E(spl) expression (Figs. 7E and 7F). The
esults therefore support a model where the self-regulation
f E(spl) genes helps to modulate the levels of proteins
roduced once transcription has been initiated and not to
efine different spatial patterns of transcription.
DISCUSSION
The E(spl) genes have quite complex and dynamic expres-
sion patterns, yet we find that E(spl)mb, E(spl)mg, and
E(spl)md patterns can largely be recapitulated by DNA
fragments of ;400–500 bp located close to the transcription
start site. As expected, these fragments contain Su(H)
binding sites, consistent with their responsiveness to
Notch signalling (Fig. 3; Eastman et al., 1997; Nellesen et
l., 1999). However, they are also sufficient to generate
uite diverse patterns of expression. The fact that this
ctivity resides in such localised enhancers contrasts with
he organisation of other genes expressed in similar com-
lex patterns in the disc, such as proneural and intervein
enes (Gomez-Skarmeta et al., 1995; Gomez-Skarmeta and
odolell, 1996; Halder et al., 1998; Vervoort et al., 1999).
These are regulated by an array of enhancers, each of which
responds to a different combination of patterning genes.
The comparative simplicity of the identified E(spl) enhanc-
FIG. 7. Negative feedback regulation by E(spl) proteins. Expressio
Mb (B, arrows delimit the domain of repression, sal-Gal4/UAS-M
ectopic expression from md1.9 is induced by M7VP16 (D, ptc-Gal4/U
revealed by the absence of Myc epitope, blue) have elevated levels o
images, and dotted lines mark outlines of clones; E9 and F9 are mACopyright © 2000 by Academic Press. All righters suggests that they are unlikely to be regulated by a
similar array, but are more likely to be responding to the
next level in the hierarchy, i.e., to the factors that are
themselves expressed in complex patterns.
Synergy between Nicd and Proneural Proteins
The suggestion that E(spl) genes are regulated by inter-
mediates in the patterning hierarchy is consistent with the
proneural proteins contributing to their regulation (Kra-
matschek and Campos-Ortega, 1994; Singson et al., 1994).
However, this also presents an inconsistency, because the
E(spl) products are not detected in the neural precursor cells
where proneural proteins accumulate to highest levels
(Jennings et al., 1994, 1995). Here, we have demonstrated
that proneural proteins work synergistically with Su(H)/
Nicd to activate transcription from E(spl)m8 and E(spl)mg
enhancers in cultured cells. For E(spl)m8, this synergy can
also be demonstrated in vivo, as a combination of proneural
proteins and Nicd leads to higher levels of m8-lacZ expres-
sion than either component alone. This combined regula-
tion can explain why E(spl) genes are activated in the cells
surrounding the sensory organ precursors, since these are
cells where both proneural proteins and Notch activity
would be present. In this respect the regulation of some
E(spl) genes, in particular E(spl)m8, fits with the combina-
torial model of Halder et al. (1998), who proposed that the
activation of genes in response to signalling pathways
involves the transcriptional response factor for the signal-
ling pathway acting in combination with specific pattern-
ing genes.
Multistep Model for Enhancer Activation by Nicd
The combinatorial synergy between Notch and proneural
proteins may be sufficient to explain E(spl)m8 regulation,
ut it is not sufficient to account for the expression of some
ther E(spl) genes. Two key points are highlighted by the
ifferent enhancers and tissues we have analysed. The first
s that there must be factors equivalent to the proneural
roteins that synergise with Notch on the E(spl)mb en-
ancer. The second is that the competence of the E(spl)
nhancers to respond to Su(H)/Nicd is spatially restricted by
more than just the availability of an appropriate synergising
activator.
Unlike the other enhancers analysed, mb1.5 is highly
sensitive to activated Notch and Su(H)VP16 throughout the
ing pouch. Intriguingly, the E(spl)mb fragments confer
uch higher levels of expression than any of the other
m the mb1.5 enhancer (A, wild-type) is repressed by high levels of
nd activated by M7VP16 (C, ptc-Gal4/UAS-M7VP16). A low level of
M7VP16). Clones of cells with reduced groucho function (E, F; groE48
l) proteins (green, E, F; revealed with mAb323). E and F are merged
channels only; arrows indicate boundaries of clones.n fro
b) a
AS-
f E(sp
b323s of reproduction in any form reserved.
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400 Cooper et al.fragments tested, even though one of the two Su(H) sites in
mb1.5 does not conform fully to a consensus binding site
Nellesen et al., 1999). The widespread activation of mb1.5
n the wing pouch and its poor response to proneural
roteins suggest that the E(spl)mb enhancer responds to
other activators. This explains why it is still possible for
ectopic Nicd to promote increased levels of E(spl) proteins in
scute10-1 discs (Jennings et al., 1995). Under these conditions
ranscription of E(spl)mb (and possibly E(spl)m3; M.F. and
S.J.B. unpublished observations) could still be increased in
the wing pouch, even if E(spl)m8, E(spl)mg and E(spl)md
could not. Our investigations have not yet identified spe-
cific activators that account for the activity of mb1.5,
although there are binding sites for a variety of factors
including two proteins expressed in the wing, Scalloped and
Caupolican (Gomez-Skarmeta et al., 1995; Halder et al.,
1998).
The differences in the responses of mg1.1 and md1.9
ompared to E(spl)m8 argue that there is an additional level
f regulation that limits the accessibility of mg1.1 and
md1.9 proneural proteins/Su(H). Thus, although mg1.1 and
d1.9 are targets for proneural proteins and Su(H)/Nicd,
based on effects in tissue culture and/or in vivo, they
cannot be activated very effectively within the wing pouch
even when high levels of certain proneural proteins and/or
Nicd are expressed ectopically. Likewise, mg1.1 and md1.9
are largely resistant to activation by Su(H)VP16 in the wing
ouch, although weak activation of md1.9 is sometimes
etected. Similar restrictions were observed when an
(spl)m5 enhancer, whose Su(H) binding sites had been
eplaced with Gal4 UAS sites, was exposed to ubiquitous
al4. This transgene could only be activated in a limited
omain (Lecourtois and Schweisguth, 1998), indicating that
al4 activity can also be influenced by E(spl) regulatory
sequences.
The factors that modulate the responsiveness of the
enhancers to Su(H)/Nicd and activators such as proneural
proteins also act through the small 180- to 500-bp enhancer
fragments, and we can envisage several different mecha-
nisms that might account for this modulation. One is that
there is a “prefactor” which is necessary to initially modify
the chromatin and allow entry of Su(H) and proneural
proteins. Recent analyses of the mechanisms involved in
gene activation demonstrate that there may be sequential
stages in chromatin remodelling (see Struhl, 1999). If an
earlier step of chromatin modification is needed before
Su(H) and other activators can access the enhancers, the
differential response of E(spl)m8 and E(spl)mg fragments to
Su(H)VP16 in the wing pouch would arise from a requirement
or different factors to implement this initial step. An
lternative model is that the enhancer fragments are also
argets for specific repressors, for example, md1.9 and
g1.1 could be specifically repressed throughout most of
he wing pouch. However, none of our truncations or
ite-specific mutations of the mg1.1 and md1.9 fragments
Fig. 3 and data not shown) have ever led to ectopic activity,
s would be indicative of loss of a repressor binding region.Copyright © 2000 by Academic Press. All rightSu(H) mimics phenotypes produced by activated
Notch both in Drosophila (this work) and in Xenopus
(Wettstein et al., 1997) consistent with the evidence that
Su(H) is essential for activation of target genes, via its
association with Nicd (Greenwald, 1998; Artavanis Tsako-
nas et al., 1999). Results from mammalian tissue culture
cells, however, indicate that CBF/Su(H) also functions as a
repressor, interacting with histone deacetylase (HDAC)
(Hsieh and Hayward, 1995; Kao et al., 1998). There is as yet
no evidence to support this model in Drosophila, but the
low levels of residual expression from E(spl) enhancers in
Su(H) mutant discs might be explained by this mechanism.
If in wild-type discs, Su(H) is bound to E(spl) enhancers in
association with HDAC, it could prevent any activation
from proneural proteins until Nicd is present. In animals
that lack Su(H), this repression would no longer occur, so
that high levels of proneural proteins could activate the
enhancers. In support of this reasoning we find that in
tissue culture cells some activation is elicited by proneural
proteins alone, particularly of the E(spl)m8 reporter. Fur-
thermore, we have observed that the residual expression
from md1.9 and mg1.1 enhancers is greatest in the oldest
discs (and see Bailey and Posakony, 1995; Nellesen et al.,
1999), where the levels of proneural proteins are highest and
residual maternal Su(H) protein would be lowest. The dual
repressor/activator roles proposed for Su(H) are like those
put forward for TCF/Pangolin, which becomes a transcrip-
tional activator of Wnt/Wingless responsive genes upon
binding to b-catenin, but appears to act as a repressor in the
bsence of Wnt signalling (Bienz, 1998).
Negative Feedback Regulation
Previous studies of E(spl) regulation in the embryo sug-
ested an element of autoregulation since expression of
8-lacZ was elevated in E(spl) mutant embryos (Kra-
matschek and Campos-Ortega, 1994). Similar effects are
also seen with HES expression in tissue culture cells, where
the levels of transcription decline after their initial activa-
tion (Kuroda et al., 1999). Our data suggest that this is likely
to be a general mechanism, since all four E(spl) enhancers
were responsive to ectopic E(spl) proteins in vivo, especially
mb1.5. Furthermore, in cells where the repressive function
f E(spl) proteins was compromised, their expression levels
ncreased. Both these results are compatible with autoregu-
atory negative feedback by E(spl) proteins, so that once a
ritical amount is produced these proteins inhibit their own
xpression. This negative feedback regulation could help to
eep cells in a pliable state, for example, during neurogen-
sis, when the balance between proneural and E(spl) pro-
eins is critical in determining whether a cell adopts the
eural fate.
Shared Enhancers and Redundancy among E(spl)
Genes
Several of our results indicate that the individual enhanc-
ers are able to influence more than one E(spl) gene. Firstly,s of reproduction in any form reserved.
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401Regulation of Three Notch Target Genesthe fragment between E(spl)md and E(spl)mg (mg1.1) con-
ers strong tegula cluster expression and contains no insu-
ator to prevent it from acting on the 59 E(spl)md gene,
uggesting that it normally acts on both transcription units
nd accounts for the tegula expression of both genes (al-
hough we haven’t ruled out the possibility that there is an
nsulator within E(spl)md itself). Secondly, in the
Df(3R)NF1P1 deletion, the E(spl)mb enhancers acts on the
lacZ gene inserted at E(spl)mg, demonstrating that the
egulatory elements have the potential to act on adjacent
enes. Other evidence suggests that the complex E(spl)
xpression patterns involve a combination of shared and
edundant elements. For example, although E(spl)mg and
(spl)md are both expressed in the ommatidial field, only
md1.9 confers a high level of ommatidial expression, mg1.1
s much less robust. In the native E(spl) complex, these two
lements could act in concert to give strong E(spl)mg
expression in ommatidia.
The sharing of regulatory elements means that there is
significant overlap in the expression patterns of adjacent
genes, which accounts for some of their redundancy. In
addition the effects of deleting one gene could be rescued by
residual elements influencing the expression of neighbour-
ing genes. The fact that there is some interdigitation of
regulatory elements may also help to explain the conserva-
tion of the E(spl) complex, as has been argued for the
paralogous Hox clusters in mammals where sharing of
regulatory elements has been documented and is proposed
to have helped constrain the organisation of the clusters
(Gould et al., 1997).
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